The water-soluble, hydroxylated fullerene [fullerol, nano-C 60 (OH) [22][23][24][25][26] ] has several clinical applications including use as a drug carrier to bypass the blood ocular barriers. We have assessed fullerol's potential ocular toxicity by measuring its cytotoxicity and phototoxicity induced by UVA and visible light in vitro with human lens epithelial cells (HLE B-3). Accumulation of nano-C 60 (OH) [22][23][24][25][26] in the cells was confirmed spectrophotometrically at 405 nm and cell viability estimated using MTS and LDH assays. Fullerol was cytotoxic to HLE B-3 cells maintained in the dark at concentrations higher than 20 μM. Exposure to either UVA or visible light in the presence of N5 μM fullerol-induced phototoxic damage. When cells were pretreated with non-toxic antioxidants: 20 μM lutein, 1 mM N-acetyl cysteine, or 1 mM L-ascorbic acid prior to irradiation, only the singlet oxygen quencher-lutein significantly protected against fullerol photodamage. Apoptosis was observed in lens cells treated with fullerol whether or not the cells were irradiated, in the order UVA Nvisible light N dark. Dynamic light scattering (DLS) showed that in the presence of the endogenous lens protein α-crystallin, large aggregates of fullerol were reduced. In conclusion, fullerol is both cytotoxic and phototoxic to human lens epithelial cells. Although the acute toxicity of water-soluble nano-C 60 (OH) 22-26 is low, these compounds are retained in the body for long periods, raising concern for their chronic toxic effect. Before fullerols are used to deliver drugs to the eye, they should be tested for photo-and cytotoxicity in vivo. Published by Elsevier Inc.
Introduction
The human eye is exposed to ambient radiation that serves the fundamental biological functions of directing vision and circadian rhythm (Roberts, 2005) . Light damage to the human lens is prevented by protective chromophores (i.e. 3-OH kynurenine glucoside) (Balasubramanian, 2000; Dillon, 1991) that absorb light but do no harm, and by an efficient antioxidant system (Andley, 2001) . The cornea cuts off all light below 295 nm. Long UVB † (295-315 nm) and UVA (315-400 nm) are absorbed by the human lens (Barker et al., 1991) . Any substance that absorbs light above 295 nm and produces reactive oxygen species has the potential to damage the human lens. Such damage is seen in patients taking phototoxic prescription drugs, diagnostic dyes or over-the-counter herbal medications (Roberts, 2002) . This can lead to permanent or transient loss of vision due to early cataract formation.
Water-soluble fullerene derivatives have shown promise as drug carriers to bypass the brain and ocular barriers (Calvo et al., 1996; Da Ros and Prato, 1999; Dugan et al., 1997) . They have also exhibited antitumor and antiviral activity, including inhibition of HIV protease (Bogdanovic et al., 2004; Friedman et al., 1993; Nakamura and Isobe, 2003; Schinazi et al., 1993) . Although the water-soluble fullerenes are not genotoxic (Zakharenko et al., 1997) they are retained in the body for long periods, raising concerns about chronic toxic effects (Yamago et al., 1995) . Fullerol and other water-soluble hydroxylated fullerenes have been found to be cytotoxic to human dermal fibroblasts, human liver carcinoma cells (HepG2) and neuronal human astrocytes (Sayes et al., 2004 (Sayes et al., , 2005 .
Photoexcitation of fullerene derivatives efficiently produces an excited triplet state (Arbogast et al., 1991; Guldi and Prato, 2000) and through energy and electron transfer to molecular oxygen produce both singlet molecular oxygen (Prat et al., 1999) and superoxide (Yamakoshi et al., 2003) . Although the carboxylated water-soluble fullerene derivatives were not found to be phototoxic to B lymphocytes (Irie et al., 1996) , the malonic acid derivatives of fullerenes were found to be cytotoxic and phototoxic to both HeLa (Yang et al., 2002) and Jurkat cells (Rancan et al., 2002) .
In the studies presented here, we assessed the ocular toxicity of hydroxylated fullerene [fullerol, C 60 (OH) [22] [23] [24] [25] [26] (Fig. 1) . We have determined that fullerols are both cytotoxic and phototoxic to human lens epithelial cell model system in the presence of either UVA or visible light. We have also demonstrated that the phototoxicity could be modified by the singlet oxygen quencher lutein that is known to be present in the human lens (Bernstein et al., 2001 ).
Materials and methods
Reagents. L-ascorbic acid 6-palmitate and dehydroascorbic acid were purchased from Aldrich (Milwaukee, WI, USA); fetal bovine serum (FBS) was from Biofluids (Rockville, MD, USA); N-acetyl-L-cysteine was from Fluka (Milwaukee, WI, USA); gentamicin and trypsin-EDTA were from GIBCO Invitrogen Corporation (Carlsbad, CA, USA); Nembutal was from Ovation Pharmaceuticals (Deerfield, IL, USA); and L-(+)-ascorbic acid, Eagle's Minimum Essential Medium (MEM), L-glutamine, sterile dimethyl sulfoxide (DMSO), lutein, and α-crystallin were from Sigma (St. Louis, MO, USA). All reagents used for experiments were at least analytical grade. Hydroxyfullerene [C 60 (OH) 22-26 N 99.5%, M = 1128.8 g/mol] was procured from the MER Corporation (Tuscon, AZ, USA) through a contract with Battelle Memorial Institute (Columbus, OH, USA).
Cell culture. The extended lifespan human lens epithelial cell line (HLE B-3) used in these studies was developed by Andley (Andley et al., 1994) , who first prepared them by isolating epithelium fragments from infant human lenses and from patients who underwent treatment for retinopathy of prematurity. These cells were allowed to grow from explants and infected with an adenovirus 12-SV40 hybrid virus (Ad12-SV40) to increase their ability to propagate in culture (Andley et al., 1994) .
Cells were grown in Eagle's MEM (Sigma) containing 2 mM L-glutamine, 50 μg/ml gentamicin, and 20% FBS in an atmosphere of 5% CO 2 /95% air at 37°C. The pH of the medium was adjusted to 7.4 before sterile filtration and addition of serum. Cells were fed 3 times a week and after attaining confluence were passaged using trypsin (0.125%) -EDTA (0.5 mM).
In vitro uptake studies of fullerol in HLE B-3 cells. For light microscope analysis lens cells were incubated in 35 mm glass-bottom microwell dishes (MatTek Corp., Ashland, MA, USA) in 1.25 ml of 0-50 μM of fullerol solution in MEM/DMSO (99:1). After 16-hour incubation in the dark and in an atmosphere of 5% CO 2 /95% air at 37°C the cells were washed with Hank's balanced salt solution (HBSS). Then they were overlaid with 1.25 ml of the cell culture medium and returned to the incubator. Directly before microscopic observation the cells were washed with HBSS and overlaid with 1.25 ml of MEM without phenol red. The cells were observed using phase contrast illumination with an Olympus IX70 microscope equipped with a Zeiss 10× UPlanFl objective (N.A. 0.3 and phase 1). A Zeiss AxioCam XEL color camera was used to acquire the images using an exposure time of 6 ms with the AxioVision 4.4 software.
For spectrophotometric determination of fullerol uptake the lens cells were incubated in 96-well plates in 0 or 50 μM of the fullerene derivative in HBSS/ DMSO (99:1) or MEM/DMSO (99:1) for up to 25 h. After a specific time of incubation under the same condition as previously described, the supernatant was transferred quantitatively to an empty plate and left for measurement. The cells in each well were washed twice with HBSS and overlaid with 50 μl of the buffer. The uptake of fullerol by lens cells was confirmed by fullerol absorbance at 405 nm (Fig. 2D ) using a GENios plate reader (Tecan US SPECTRAFluor Plus, Research Triangle Park, NC).
Ex vivo uptake studies of fullerol. Sprague-Dawley rats were purchased from Charles River Labs and were housed in the NIEHS Animal Facility according to the NIEHS/AAALAC guidelines for animal care. A Sprague-Dawley rat (10 weeks old) was surgically anesthetized by an i.p. injection of Nembutal (1 ml/kg), then euthanized by terminal bleed, and the eyes were removed. The lenses were extracted from those eyes. The right lens was placed in 4 ml of 50 μM fullerol solution in HBSS/DMSO (99:1) while the left one in the same volume of 1% DMSO in HBSS (v/v) . Both lenses were incubated in the dark for 24 h at 4°C. Then each lens was washed with phosphate buffered saline (PBS), placed on a sheet of blotting paper, and a picture was taken with a camera. For spectrophotometric measurement each lens was placed in appropriately designed holder, and the transmitted absorption spectrum was recorded using a diode array spectrophotometer HP8435 (Hewlett Packard Co., Palo Alto, CA, USA). The spectrum of uptaken fullerol was obtained by subtraction of the spectrum of the control lens from the spectrum of the rat lens incubated with fullerol, and smoothing the resultant spectrum.
UVA/visible light treatment. Fullerol was dissolved in DMSO to obtain a stock solution of 5 mM and then diluted in MEM not supplemented with serum. Human lens epithelial cells were then incubated at 37°C in the dark with 1-50 μM fullerol for 16 h in MEM/DMSO (99:1) in 96-well plates for cyto-and phototoxicity studies and with 1-10 μM fullerol in HBSS/DMSO (99:1) for 17 h in 5-cm Petri dishes for apoptosis and necrosis determination. After incubation, the medium or buffer was removed and cells were washed twice with sterile HBSS. The cells were overlaid with sterile HBSS and exposed to UVA or visible light for 10 min and 1 h, respectively. HBSS was used in place of medium for all irradiation studies to prevent the phototoxicity from phenol red, riboflavin, or other medium components which are themselves photoactive with UVA and visible light. For UVA irradiation 4 fluorescent lamps [Houvalite F20T12/BL/ HO (PUVA), National Biological Corp., Twinsburg, OH] were used. To remove wavelengths below 300 nm the cells were covered with a plastic lid. For visible light treatment, cells were irradiated with cool white visible light (Phillips F40AX50 5000K Advantage X) that was filtered to transmit only wavelengths above 400 nm using a liquid filter (Wielgus et al., 2007) . The UVA and the visible light irradiance were measured with a spectroradiometer (LuzChem Research , respectively. Irradiation of the cells with UVA for 10 min and with visible light for 1 h gave a final UVA dose of 3.7 J cm − 2 and light dose of 8.5 J cm − 2 .
Neither the UVA radiation nor visible light dosages at this energy level had any effect on the viability of the human lens epithelial cells. Control samples were kept in the dark under the same conditions. Phototoxicity inhibition studies. In selected studies, the human lens cells were incubated with 20 μM lutein, or 1 mM N-acetyl-L-cysteine, or 1 mM L-(+)-ascorbic acid in MEM/DMSO (99:1) for 2 h, prior to exposure to 15 μM fullerol in MEM/DMSO (99:1). The doses of the antioxidants used in our study were chosen to mimic their endogenous concentrations, which were previously determined in the human lens (lutein) (Hankinson et al., 1992; Yeum et al., 1995) or in the aqueous humor which feeds the lens (ascorbic acid) (Iqbal et al., 1999) . In other studies, the cells were incubated with 0.5 mM or 1 mM of either L-(+)-ascorbic acid or dehydroascorbic acid (DHA), or 20 μM or 50 μM L-ascorbic acid 6-palmitate (AA6P) in MEM/DMSO (99:1) for 2 h, prior to exposure to 20 μM fullerol in MEM/DMSO (99:1). Dehydroascorbate (DHA) is better absorbed by cells than ascorbate (AscH − ) and then is reduced inside the cells (Corti et al., 2004; Sasaki et al., 1995) . Therefore we used the oxidized form at the same concentration as AscH − to detect the ability of ascorbate hydrophilic forms to prevent fullerol cyto-and phototoxic effects in cytoplasm. Ascorbate palmitate at a concentration comparable to that of lutein was used to confirm that the cytoplasm membrane is one of the targets of fullerol toxicity. After incubation with a specific phototoxicity inhibitor the supernatant was removed, the cells were washed with HBSS, and exposed to fullerol solution in MEM/DMSO (99:1) for 16 h as described earlier.
Only the hydrophilic antioxidants were still present in solutions at corresponding concentrations during incubation with fullerol and UVA exposure but not in the medium in which the cells were incubated after irradiation. Control cells were incubated in 1% DMSO in MEM during both series of experiments.
MTS and LDH assays. After irradiation, the cells were incubated overnight in the cell culture medium at 37°C in 5% CO 2 atmosphere. Metabolic activity and lactate dehydrogenase release of the cells were determined as described previously (Wielgus et al., 2007) using MTS (Cell Titer 96® AQueous Non-Radioactive Cell Proliferation Assay, Promega Corp., Madison, WI, USA) and LDH (CytoTox 96® Non-Radioactive Cytotoxicity Assay, Promega Corp., Madison, WI, USA) assays, respectively.
Measurement of apoptotic and necrotic cells. Apoptotic and necrotic cells were quantitatively evaluated by flow cytometry (Martin et al., 1995; Reno et al., 1998) . After irradiation, the cells were harvested by trypsinization and collected by centrifugation at 140 ×g for 6 min at 22°C. Cells were washed with cold PBS and stained with Annexin V-FITC and propidium iodide (PI) using TACS™ Apoptosis Detection Kit according to the manufacturer's instruction (Trevigen, Gaithersburg, MD, USA). Cells positive for PI, for Annexin V-FITC, or for both were quantified by flow cytometry using a Becton Dickinson FACSort (Becton Dickinson, Mountain View, CA). In the fluorescence dot plot histogram of Annexin V/PI stained cells, the lower left quadrant shows normal viable cells which are negative for both Annexin V and PI; the lower right quadrant shows early-apoptotic cells which are positive for Annexin V; the upper left quadrant shows necrotic cells which are positive for PI; while the upper right quadrant shows late-apoptotic cells which are positive for both Annexin V and PI (Martin et al., 1995; Reno et al., 1998) . Caspase-3 activity. Caspase-3 activity was determined using ApoAlert Caspase Fluorescent Assay Kit (Clontech Laboratories, Palo Alto, CA, USA). After irradiation, the cells were incubated in the cell culture medium at 37°C in 5% CO 2 atmosphere for 6.5 h, then removed with a cell lifter, washed with PBS by centrifugation at 400 ×g for 10 min at 4°C, and lysed. The cell lysates were centrifuged at 12,000 ×g for 10 min at 4°C to precipitate cellular debris. Supernatants were used for determination of caspase-3 activity by incubation at 37°C for 1 h with a fluorescent substrate, DEVD-AFC. Fluorescence of cleaved AFC was measured in a plate reader at excitation and emission wavelengths of 405 and 535 nm, respectively. A stock solution of free AFC was used for preparation of a calibration curve. The results were expressed as a ratio of AFC released per hour and normalized to the amount of protein in the cell lysate supernatant.
Particle size measurements. Dynamic light scattering (DLS) was used to determine the particle size of fullerol in the presence and absence of the most abundant lens protein, α-crystalline (Horwitz et al., 1999) . HBSS (pH 7.4) was purged with argon before preparation of fullerol and α-crystallin solutions.
Fullerol was mixed on a plate stirrer in 2 separate glass vials containing HBSS.
After an hour, a specific amount of α-crystallin was added to one vial of a dispersion of the fullerol particles (70 μM) and to another one containing only HBSS. Solutions of 1 mg/ml α-crystallin, 70 μM fullerol, and the mixture of fullerol with the protein were formed with gentle stirring for 16 h. All solutions were prepared in dim light at 37°C. Measurements of particle size were carried out using a light scattering Zetasizer Nano-S light scattering instrument (Malvern Instruments, Southboro, MA, USA).
Statistical analysis. Data in graphs in Figs. 2-5 and 7 are presented as mean ± SE of four to six experiments and in Fig. 6 as mean ± range of two experiments.
All p values were calculated using the ANOVA test.
Results
In vitro and ex vivo uptake of fullerol into lens tissues
In vitro uptake of fullerol into human lens epithelial cells (HLE B-3) was confirmed by light microscopy ( Fig. 2A-C) . The cells were incubated in the presence of fullerol in 1% DMSO solution in cell culture medium without serum to avoid binding of the fullerene derivative to the serum proteins (Deguchi et al., 2007) . Although most of the cells that were incubated for 16 h in 1% DMSO solution in cell culture medium without serum remained alive, a few bright spots in the microscope image ( Fig. 2A) represent dead cells. Uptake of 10 μM fullerol is indicated by a distinct yellow color appearing in the microscopic image (Fig. 2B) . At this concentration the cells became somewhat rounded. There is an increase in intensity of this yellow color ( Fig. 2C ) with 50 μM of fullerol uptake, but there is also increased cytotoxic damage to the lens cells. Fullerol uptake by lens cells was confirmed by absorbance at 405 nm (Fig. 2D) . When the cells were incubated in 50 μM solution of fullerol in HBSS, the amount of accumulated compound increased with time and reached a plateau after ∼15 h. At the same time fullerol concentration proportionally decreased in the cell supernatant.
Further studies with the whole rat lens showed the ex vivo uptake of fullerol (Fig. 2E ). The lens incubated over night with fullerol became yellow. Spectrophotometric measurement confirmed accumulation of the fullerene derivative in the lens. The differential absorption spectrum showed a band in the 330-530 nm range with a peak at 405 nm.
Photo-and cytotoxicity of fullerol to lens cells
We measured the metabolic activity (MTS) and lactate dehydrogenase release (LDH) of HLE B-3 cells in the presence of 0-50 μM fullerol, either maintained in the dark or in the presence of 3.7 J cm − 2 UVA or 8.5 J cm − 2 visible light. Fullerol was found to decrease metabolic activity and increased the release of lactate dehydrogenase in HLE B-3 cells maintained in the dark at concentrations higher than 20 μM (Fig. 3) . Neither exposure to visible light nor UVA alone reduced cell viability, but exposure to either UVA or visible light in the presence of N5 μM fullerol-induced phototoxic damage.
Inhibition of fullerol phototoxicity to lens cells
To determine the mechanism of fullerol phototoxicity and the possible involvement of reactive oxygen intermediates, we examined the effect of specific quenchers (lutein, N-acetyl-Lcysteine -the glutathione mimic, and L-ascorbic acid) that are endogenous to the human lens (Busch et al., 1999; Hammond et al., 1997; Iqbal et al., 1999) and the aqueous humor that feeds the lens. We chose concentrations of fullerol (15-20 μM) that almost completely inhibited metabolic activity and dramatically enhanced lactate dehydrogenase release from the lens cells. In the presence of 20 μM lutein, added 2 h prior to irradiation with UVA, phototoxic damage decreased by half (Fig. 4) . On the other hand, no protection against fullerol phototoxicity was offered when cells were preincubated with 1 mM N-acetyl-Lcysteine or 1 mM L-ascorbic acid at 37°C. These antioxidants were present for 2 h prior to and during both incubation with fullerol and UVA exposure (data not shown).
The quenching properties of other forms of ascorbic acid were also examined. Dehydroascorbic acid as an oxidized form of vitamin C showed a slight protective effect on metabolic activity of the cells (Fig. 5A ) but no effect on LDH release (Fig. 5B) . The hydrophobic L-ascorbic acid 6-palmitate reduced the release of LDH by about 20% (Fig. 5D ), but had almost no protective effect against fullerol-induced inhibition of metabolic activity (Fig. 5C ).
Analysis of fullerol-induced apoptosis and necrosis
Apoptosis was quantified using flow cytometry. Early apoptosis is characterized by plasma membrane reorganization (Martin et al., 1995; Reno et al., 1998; Singh, 2000) and is detected by positive staining for Annexin V-FITC while later stage apoptosis indicating DNA damage shows positive staining for both Annexin V and PI. We measured necrosis by determining the percentage of cells which were positive for only PI. As seen in Fig. 6 , at concentrations of 1-10 μM the primary damage to the lens cells by fullerol was through early apoptosis (up to 20%).
Incubation with 10 μM fullerol caused activation of caspase-3 in HLE cells (Fig. 7) . The protease activity was enhanced by UVA exposure. A significant increase in the enzyme activity was observed in irradiated cells preincubated with fullerol at concentrations higher than 2 μM.
Interaction of fullerol with α-crystallin
α-crystallin is a major lens protein that is present in human lens epithelial cells and also comprises of up to 40% of nuclear lens proteins (Horwitz et al., 1999) . We analyzed the interaction between fullerol and α-crystallin by determination of their particle size (Fig. 8) . The average diameter of fullerol particles in Values are expressed as mean ± SE (n = 4). ⁎ p b 0.01, comparing metabolic activity or LDH release in cells incubated with lutein and fullerol vs. cells incubated only with fullerol both in the "dark" and "UVA exposed" group. 70 μM solution in HBSS buffer at pH 7.4 was 695 ± 80 nm. However, α-crystallin at 1 mg/ml in the same buffer was characterized by 3 types of aggregates with sizes of 21 ± 5 nm, 374 ± 160 nm, and 5053 ± 580 nm, respectively. When fullerol and α-crystallin were incubated together under the same conditions, there was a loss of the largest aggregates of crystallin and of fullerol and only particles of sizes: 23 ± 2 nm and 356 ± 35 nm were detected. This suggests that there is non-specific binding of fullerol to α-crystallin similar to what has been seen with C 60 nanoparticles and human serum albumin (HSA) (Deguchi et al., 2007) .
Discussion
Water-soluble fullerene derivatives show antiviral activity and are of particular interest in drug delivery to the eye and the brain. Concentrations in the range of 5-25 μM (Jensen et al., 1996) have been found to reduce HIV-1 virus infectivity by more than 95%. Intravenous injection of a polar C 60 derivative to rats led to accumulation of the compound in many animal organs including the brain and the eye (Jensen et al., 1996) . The use of nanosized (colloid) carriers for drug delivery is described and particles have been found months after dosing in the eye (Amrite and Kompella, 2005; Bourges et al., 2003; Jani et al., 1989) .
We have determined that fullerol accumulates in the human lens cells. The fullerene derivative has very low fluorescence intensity and so confocal microscopy could not be used to measure its uptake by the lens cells. Instead, uptake was confirmed visually and by spectrophotometric measurements (Figs. 2A-E) . Fullerol exhibits both dark cytotoxicity and phototoxic effects on human lens epithelial cells. The levels of illumination that were chosen for the phototoxicity studies represent the amount of ambient UVA and visible light exposure one would expect of a bright, sunny day (Diffey, 1977; Sliney, 2002) . UVA exposure included a cut-off filter to remove all radiation below 295 nm to mimic human corneal transmission (Barker et al., 1991) . Light exposure in the absence of fullerol induced no detectable damage in the human lens epithelial cells. Exposure to visible light or UVA in the presence of fullerol, however, induced dose-related apoptosis in lens epithelial cells.
The present results demonstrate that fullerol, which is being considered for future medical use, can damage human lens epithelial cells. Fullerol decreased metabolic activity and increased lactate dehydrogenase release in the HLE B-3 cells in the presence of concentrations higher than 20 μM fullerol. When Metabolic activity (A, C) and lactate dehydrogenase release (B, D) from the cells were determined with MTS and LDH assays, respectively. Results are expressed as mean ± SE (n = 4). ⁎ p b 0.01, and ⁎⁎ p b 0.02 comparing metabolic activity or LDH release in cells incubated with antioxidant and fullerol vs. cells incubated only with fullerol both in the "dark" and "UVA exposed" group. these lens cells were irradiated with either 3.7 J cm − 2 UVA or 8.5 J cm − 2 visible light, metabolic activity was decreased and lactate dehydrogenase release was apparent with less than 5 μM fullerol.
The endogenous antioxidant, lutein, (Hankinson et al., 1992; Yeum et al., 1995) offered some protection against the phototoxic damage induced by fullerol, but neither the glutathione mimic N-acetyl-L-cysteine (Busch et al., 1999) nor L-ascorbic acid appears to provide any protection for the human lens epithelial cells.
Ascorbic acid (vitamin C) in the reduced form is present in high concentrations (1 mM) in the aqueous humor which feeds the human lens. It primarily protects the lens from damage occurring on the lens surface (Iqbal et al., 1999) . When the oxidized form of L-ascorbic acid, dehydroascorbic acid, was tested for its protective effect against phototoxic damage induced by fullerol, there was some protection against metabolic damage. Dehydroascorbic acid is more readily absorbed by the lens than the reduced form (Corti et al., 2004) . Additionally, the internalization of DHA is enhanced by glucose transporter proteins (GLUT1 and GLUT3), which are expressed in the lens (Corti et al., 2004) . In the cytoplasm, oxidized ascorbic acid is efficiently reduced by a glutathione (GSH) and NADPH dependent mechanism to produce L-ascorbic acid (Corti et al., 2004; Sasaki et al., 1995) . We found that the only water-soluble quencher to offer any protection against phototoxic damage inside the cells was the oxidized form of ascorbic acid. During mild oxidative stress, ascorbic acid contained in aqueous humor may provide tissues of the anterior eye with a source of oxidized ascorbic acid which is readily taken up and converted to intracellular reduced ascorbic acid, while intracellular ascorbic acid is maintained in the reduced status by intracellular antioxidant systems. This process could be impaired in the presence of fullerol.
When we exposed the cells to fullerol and either lutein or the ascorbate 6-palmitate, which are lipid soluble quenchers, there was a much greater protective effect, especially in the form of a reduction in the release of LDH from the cells. This would strongly suggest that the phototoxic damage of fullerol to lens cells is to the membranes of the cells. When light excites a phototoxic agent it can lead to the generation of reactive oxygen species including singlet oxygen and superoxide anion (Roberts, 2002) . As lutein is a singlet oxygen quencher, the phototoxic mechanism of damage is very likely to involve singlet oxygen as one of the main reactive oxygen species. Enhanced production of reactive oxygen species within the lens of the eye and consequent oxidative damage to the lens proteins is thought to be a major mechanism leading to the onset of cataracts. Additionally, the lack of effect of ascorbic acid and N-acetyl-L-cysteine could be due to compartmentalization of these water-soluble molecules within the cell in hydrophilic regions of the cytoplasm, rendering them ineffective against phototoxic reactions in the membrane.
Fullerol, both with and without irradiation from UVA or visible light, induced early apoptosis, again indicating membrane damage. These experiments also suggest that disruption of the plasma membrane of the lens cells is an important mechanism in the cyto-and phototoxic damage by fullerol. Apoptosis in human lens cells has also been shown to lead to the development of cataracts (Okamura et al., 2002) .
Implications for human health
One of the most frequent causes of blindness in humans is cataract formation. The human lens is made up of two distinct layers: the surface of the lens where the lens epithelial cells (cortex) are located and an inner layer (nucleus) which contains the protein fibers. The orderly arrangement of these protein fibers causes the lens to be highly transparent (Benedek, 1971) . Any disruption in the function of the lens epithelial cells or in the structural integrity of crystallin lens proteins in the protein fibers leads to a loss of the transparency of the lens known as a cataract. If the damage is to the epithelial cells a cortical cataract is formed while damage to the interior of the lens induces a nuclear cataract (Roberts, 2001) .
Both UVA and UVB exposure are risk factors for the development of cortical cataracts (Roberts, 2001) , whereas in the presence of a phototoxic agent, UVA and visible light are associated with both cortical and nuclear cataracts (Roberts, 2002) . Although senile cataracts are an age related disorder, these normally occur with patients that are over 70 years old. Phototoxic agents can induce cataracts at a much younger age.
Longer wavelengths of light penetrate deeper into biological tissues. Although UVB is stopped by the lens epithelial layer, Fig. 7 . Fullerol effect on caspase-3 activation in HLE cells stored in the dark or exposed to UVA. The cells were incubated with 0-10 μM fullerol in Minimum Essential Medium (MEM)/DMSO (99:1) for 17 h and then exposed to UVA for 10 min. After irradiation the cells were incubated in MEM/FBS (8:2) for 6.5 h. Caspase-3 activity was determined in cytosolic extracts with ApoAlert Caspase Fluorescent Assay Kit, where DEVD-AFC fluorescent substrate was used. Values are expressed as mean ± SE (n = 6). ⁎ p b 0.01 comparing results obtained in cells incubated with fullerol and irradiated with UVA vs. the fullerol-treated cells incubated in the dark. The differences in caspase-3 activity between fullerol-treated cells and control cells were statistically significant at p b 0.01 for 5 and 10 μM fullerol within the group of cells exposed to UVA and 10 μM within the group of cells kept in the dark. UVA and visible light can penetrate into the superficial cortex, be absorbed in the interior, and reach the lens proteins. α-crystallin is a major lens protein which acts as a heat shock protein to prevent UV induced protein aggregation in lens epithelial cells (Andley et al., 1998) . α-crystallin also comprises up to 40% of nuclear lens proteins, where its structural role is to assist in maintaining the proper refractive index in the lens and to prevent the formation of large light-scattering aggregates (Horwitz et al., 1999) . We have shown here using DLS method measurement of nanoparticle size that in the presence of α-crystallin, fullerol is in a less aggregated form in the scale measured. We have found previously that compounds with multiple hydroxyl groups (i.e., hypericin) bind to and phototoxidize α-crystallin (Schey et al., 2000) . Others have shown that there is non-specific binding with human serum albumin (HSA) and other C 60 nanoparticles (Deguchi et al., 2007) . Binding of fullerol to serum proteins does not interfere with its accumulation in many tissues (Ji et al., 2006) . Binding of a drug to an ocular tissue would increase its retention time in the eye and therefore the drug would be more likely to induce phototoxic damage. Our previous work with photoreactive compounds has shown that the lens protein most susceptible to phototoxic oxidative damage is α-crystallin, and that damage to this protein alone is sufficient to cause a cataract (Roberts et al., 1991) .
Although UVA-blocking sunglasses will protect critical components of the lens against some of the damage by fullerol, the visible light wavelengths that induce a phototoxic effect by fullerol are in the same range as those used for sight and therefore are not blocked by typical sunglasses. Before fullerols are used in the future to deliver drugs to the eye, their potential side effects on the human eye should be further examined.
Conclusion
Our results with in vitro and ex vivo lens models indicate that exposure to fullerols, particularly in the presence of sunlight, may lead to early cataractogenesis. Although the acute toxicity of water-soluble nano-C 60 is low, these compounds are retained in the body for long periods, raising concern for their chronic toxic effect. Before fullerols are used to deliver drugs to the eye, they should be thoroughly tested for photo-and cytotoxicity.
